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Abstract

Despite their therapeutic benefits, antibiotics exert collateral damage on the microbiome and 

promote antimicrobial resistance. However, the mechanisms governing microbiome recovery from 

antibiotics are poorly understood. Treatment of Mycobacterium tuberculosis, the world’s most 

common infection, represents the longest antimicrobial exposure in humans. Here, we investigate 

gut microbiome dynamics over 20 months of multi-drug-resistant tuberculosis and 6 months of 

drug-sensitive tuberculosis (TB) treatment in humans. We find that gut microbiome dynamics 

and TB clearance are shared predictive cofactors of the resolution of TB-driven inflammation. 

The initial severe taxonomic and functional microbiome disruption, pathobiont domination, 

and enhancement of antibiotic resistance that initially accompanied long-term antibiotics was 

countered by later recovery of commensals. This resilience was driven by the competing evolution 

of antimicrobial resistance mutations in pathobionts and commensals, with commensal strains 

with resistance mutations reestablishing dominance. Fecal-microbiota transplantation of the 

antibiotic-resistant commensal microbiome in mice recapitulated resistance to further antibiotic 

disruption. These findings demonstrate that antimicrobial resistance mutations in commensals 

can have paradoxically beneficial effects by promoting microbiome resilience to antimicrobials 

and identify microbiome dynamics as a predictor of disease resolution in antibiotic therapy of a 

chronic infection.

One sentence summary:

The gut microbiome evolves under antibiotic pressure, allowing healthy commensals to 

outcompete pathobionts and reestablish a healthy microbiome.

Introduction

Short courses of broad-spectrum antibiotics dramatically perturb the healthy gastrointestinal 

(GI) microbiome in both adults and children(1–3), with the present understanding that 

during treatment, the microbiome is locked into an alternative stable state that lasts well past 

treatment cessation(4–7). Antibiotic-induced dysbiosis is characterized by the enrichment 

of pro-inflammatory communities, GI distress including diarrhea(8), exacerbation of 

inflammatory pathways, and impaired colonization resistance against pathogens(9, 10). 

Additionally, antibiotics enrich for antibiotic resistance genes (ARGs) in the microbiome 

(known as the GI resistome)(2) which has been linked to greater incidence of extra-intestinal 

infections from multi-drug and extensively-drug resistant bacteria(11).

As for other microbial ecological systems responding to short-term perturbations(12), return 

of the microbiome to the pre-treatment state after antibiotics depends on the relative fitness 

of the dominant pathobionts and the depleted commensals(13). Although both theoretical 

work(7) and recent studies in animals(14) demonstrate that microbiome recovery varies as a 

function of the type of antibiotic, networks of microbial interaction, diet, and proximity 

to environmental bacterial reservoirs, the ultimate determinants of this resilience are 

unknown. A recent study profiling the microbiome of a single individual found that although 

antibiotics can drive rapid shifts in the genetic composition of individual commensal species, 

these changes reverted to baseline once antibiotic treatment had concluded(15). However, 
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longer antibiotic perturbations may stimulate distinct adaptive mechanisms, especially 

considering that the genomic analysis of microbiome long-term dynamics (months—years) 

in healthy individuals shows that the microbiome undergoes genetic adaptation even in the 

absence of external perturbations (16, 17). Additionally, given the influence of antibiotic-

dependent changes in the microbiome on immunity(18), it is plausible that adaptation 

of resident commensals to prolonged antibiotics might impact the treatment outcome for 

chronic infections in which host immunity is an important cofactor.

Here we investigate how the gut microbiome adapts to prolonged antibiotic therapy and how 

this adaptation influences infection-driven inflammatory responses. We focus on multidrug-

resistant (MDR) tuberculosis (TB) treatment, which involves the longest antibiotic exposure 

in humans, lasting around 20 months(19). Treating TB requires combinations of antibiotics 

with broader antimicrobial activity compared to standard TB therapy(20), yet the effect of 

MDR TB treatment on microbiome composition is unknown. Our findings directly support 

the notion that microbiome resilience can occur through commensal antimicrobial resistance 

and that microbiome dynamics may play a role in regulating peripheral immune responses 

during long-term antibiotic treatment for MDR TB.

Results

MDR TB treatment severely disrupts stool taxonomic and functional composition of the 
microbiome

We recently described the effect of standard TB therapy on microbial species abundance 

and built computational models that implicate microbiome-dependent effects on TB disease 

activity(21). Here, we sought to extend these studies to the treatment of MDR TB, which 

is longer in duration and uses broader-spectrum antibiotics. We enrolled 24 individuals (13 

males and 11 females) with MDR TB who were initiating therapy, most of whom had 

failed prior standard treatment, commonly referred to as HRZE (consisting of isoniazid, 

rifampin, pyrazinamide, ethambutol). The schedule of collection of fecal and blood samples 

is given in Figure 1A and included samples at day 0 (pre-treatment), two weeks, one 

month, two months, six months, and at treatment completion. TB bacterial load in sputum 

was measured at the same time points by recording time to culture positivity (TTP) 

in a BACTEC liquid culture system as a quantitative microbiologic measure of disease 

resolution (21). The antibiotic regimen used to treat these individuals included bedaquiline, 

linezolid, levofloxacin, clofazimine, and pyrazinamide for the first six months. All drugs 

were continued until treatment completion at 20–24 months except bedaquiline (stopped 

after six months) and linezolid (stopped after 12 months). See data file S1 for individual 

subject sampling and metadata.

Antibiotic treatment reduced M. tuberculosis (Mtb) bacterial load in sputum (corresponding 

to increased TTP) over time compared to baseline TTP (p < 0.001) for the linear 

mixed-effects model TTP ∼ Sex + Age + Time + 1|ID (Figure 1B). The rate of sputum 

sterilization was variable during early treatment, with some subjects achieving culture 

negativity (TTP > 1000) by one month of treatment and all achieving culture negativity by 6 

months or treatment completion.
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To investigate gastrointestinal microbiome changes that accompany MDR TB treatment, we 

determined the microbial composition and gene content using metagenomic sequencing of 

stool. We used Principal Coordinate Analysis on centered log-ratio transformed data(22) 

to account for compositionality in the abundance of both species and metabolic pathways. 

Our analysis revealed significant statistical differences between samples taken at baseline or 

treatment completion compared to earlier samples (2 weeks, 2 months, 6 months) for both 

species and functional pathway abundance based on repeated measures PERMANOVA (23) 

(p-value < 0.05, see data file S2). We observed that 23.6% of the variation in microbiome 

species abundance (Figure 1C) and 40.1% of the variation in pathway abundance (Figure 

1D) encoded by Axis 1 could be attributed to treatment-induced changes in the microbiome 

occurring within the first six months compared to baseline and treatment completion (p-

value < 0.05 based on linear mixed-effects modeling to predict the distribution of each 

individual principal coordinate axis as in (24). The second axis indicated variability in early 

MDR TB response (2 weeks, 1 month, and 2 months) among the different individuals.

To evaluate the effect of MDR TB treatment on microbiome alpha diversity while 

controlling for other variables, we regressed the Inverse Simpson Diversity Index (25) 

via linear mixed-effects modeling as Diversity ∼ Sex + Age + Time + 1|ID. We observed 

a rapid loss of microbiome diversity within two weeks of treatment initiation that was 

sustained through 1-month, 2-month, and 6-month time points (p-value < 0.05 linear mixed-

effects modeling) (Figure 1E). At the treatment completion visit, microbiome diversity 

had returned to baseline with variable recovery between subjects. Because the timing of 

sample collection at treatment completion was variable and did not coordinate exactly with 

antibiotic discontinuation (see table S1), we analyzed microbiome diversity at this timepoint 

as a function of the timing of antibiotic discontinuation and found no association (Figure 

1E, inset) (P value > 0.05, linear regression modeling), indicating that the recovery of 

microbiome diversity could represent a form of adaptation to MDR TB treatment.

We then sought to identify microbial species and metabolic pathways affected by MDR 

TB treatment, both in comparison to pre-treatment and to our prior findings with treatment 

of drug-sensitive TB disease. On the taxonomic level, with the exception of the flavonoid-

degrading Clostridia Flavonifractor plautii (26), the abundance of which increased with 

treatment, MDR TB treatment caused a depletion in the gastrointestinal microbiome 

during the first six months (Benjamini-Hochberg false discovery rate [FDR]<0.05). This 

coincided with a broad loss of species including Bacteroides uniformis, Blautia spp., 
Clostridium bolteae, Dorea longicatena, Eubacterium halli, Feacalibacterium prausnitzii, 
Phascolarctobacterium spp., and Roseburia hominis, known to be involved in the production 

of several bioactive metabolites such as short-chain fatty acids, succinate, and vitamins 

(27, 28), as well as bile acid transformation (29) (Figure 1F). Although this pattern 

resembles our prior findings in subjects treated for drug-sensitive TB with HRZE (21), the 

depletion encompasses more taxa in the MDR TB-treated individuals compared to HRZE. 

For example, a cluster of Clostridia that includes representatives of Dorea, Eubacterium, 

Blautia, and others was significantly more depressed by MDR TB treatment than by HRZE 

during early treatment (figure S1). In addition to broad commensal depletion, MDR TB 

treatment (but not HRZE) also caused an expansion of pathobionts including Klebsiella 
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pneumoniae, Klebsiella varicola, Escherichia coli, Citrobacter werkmanii, Enterococcus 
avium, and Enterococcus faecium(13) (FDR<0.05) (Figure 1F, fig. S1). These microbes 

are positively selected by antibiotic treatment because of higher antibiotic-induced redox 

potential, which includes increased gut epithelial oxygenation (30–32). For this reason, they 

are referred to as oxygen-tolerant pathobionts(13, 21). As observed for overall diversity, 

which rebounds to pretreatment levels late in the treatment course (Figure 1E), most of the 

species depleted by the antibiotics also returned to pre-treatment baseline by six months and 

were nearly completely restored by treatment cessation (Figure 1F), indicating unexpected 

microbiome resilience.

To determine whether the taxonomic perturbation was accompanied by alteration of the 

predicted functional coding capacity of the microbiome, we mapped metagenomic reads 

to the MetaCyc database using HUMAnN 3(33) and found that 33 metabolic pathways 

were depressed at any of the time points after MDR TB treatment compared to baseline 

(day 0) (Figure S2A). Consistent with the species-level analysis showing depression 

in known fiber-degrading and short-chain fatty acid-producing bacteria(34), MDR TB 

treatment also reduced the abundance of pathways involved in the degradation of fibers 

such as mannans and fructans as well as the Bifidobacterium shunt(35), leading to the 

formation of short-chain fatty acids (2-oxobutanoate degradation)(28). By contrast, between 

two weeks and six months of treatment, we found significant enrichment of several 

pathways previously associated with dysbiotic and inflammatory conditions (Figure S2B), 

including LPS biosynthesis and two known signatures of IBD (36, 37). We also observed 

greater enrichment of pathways indicating a relative expansion of facultative aerobic taxa 

(Enterobacteriaceae and Bacilli) (38) than seen with standard TB therapy (Figure S2C). 

In parallel with the restoration of species abundance (Figure 1F), the microbiome of 

MDR TB-treated individuals returned to a pre-treatment-like functional state by treatment 

cessation. Taken together, these data indicate that MDR treatment has an initial rapid effect 

on the taxonomic and functional output of the microbiome, with depletion of Clostridia and 

their associated pathways and enhancement of inflammatory pathobionts. Furthermore, we 

detect microbiome resilience marked by the restoration of pre-treatment composition and 

metabolic output at the end of therapy.

Inflammatory resolution of TB disease is a combined effect of pathogen killing and 
microbiome perturbation

Our prior work built computational models that quantitated the relative contributions of 

pathogen clearance and microbiome changes to the temporal resolution of the inflammatory 

state that accompanies TB, as measured by peripheral blood transcriptomics (21). These 

models deduced both pathogen-dependent and microbiome-dependent changes, with the 

dominant effect driven by antibiotic-driven pathogen reduction. We applied this approach 

to the longer treatment regimens of MDR TB and the severe microbiome disruption noted 

above. Consistent with the reduction in M. tuberculosis bacterial load with treatment, we 

observed a significant reduction in the expression of common inflammatory (IFN-α, IFN-γ, 

IL-6, JAK STAT3) and signaling pathways (TNFα γ, IL2, STAT5) during treatment (FDR < 

0.05) (Figure S3A). Similarly, we observed a significant reduction in the expression of most 
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TB signatures particularly after six months of treatment and at treatment completion (FDR < 

0.05) (Figure S3B).

We next sought to decouple the relative associations of microbiome perturbation and 

Mtb sterilization in the inflammatory resolution that accompanies TB treatment (Figure 

S3). Given the clear relationship between microbiome commensals and specific immune 

responses(39–43), we hypothesized that inter-individual variability in microbiome dynamics 

or bacterial load reduction (TTP) would be significantly associated with the inflammatory 

resolution that accompanies TB treatment. We applied mixed-effects random forest 

regression modeling to test this hypothesis. Briefly, for every MSigDB hallmark pathway 

or TB signature (see Figure S3) we fit the model NESs, i ∼ f TTP, X i + 1|ID, where 

NES is the Normalized Enrichment Score for hallmark pathway (or signature) s in sample 

i, f is a general non-linear function (the random forest) applied to TTP and species 

relative abundances X in sample i as fixed effects, and 1 |ID indicates the random effect 

to account for multiple samples from the same patient. To determine the significance 

of model-inferred associations, we used permutated importance analysis (44). For the 

significant associations obtained from the permutated importance calculations (FDR < 

0.1), we then applied univariate linear mixed-effects models to determine the directionality 

(positive/negative) of the association. We deemed the use of this approach appropriate 

for analyzing the “large p, small n” multi-omics data that are commonly encountered 

in clinical research (45). Specifically, this machine learning method offers significant 

advantages over traditional multi-linear regression techniques as it is agnostic to model 

structure, enables non-parametric regression, and eliminates the need to fulfill assumptions 

underlying classical regression techniques. Additionally, this method inherently performs 

ranked feature selection. Although this may seem less direct compared to traditional 

regression, downstream analysis such as permutated importance(46) enables estimation of 

predictor significance on the dependent variable. Notably, for most of the hallmark pathways 

and TB signatures, reduction in Mtb bacterial load (TTP) was the most important predictor 

(Figure 2). Higher TTP (lower level of Mtb) associated with lower NES of several signatures 

related to inflammation (inflammatory response, interferon alpha, interferon gamma, and 

IL-6 JAK STAT3 signaling) and signaling (IL-2 STAT5 signaling, TNF-α signaling via 

NFKB, KRAS signaling) (Figure 2A), and almost all TB-associated gene signatures (Figure 

2B). Several microbiome species also significantly associated with both hallmark pathway 

and TB signature enrichment scores. Specifically, a higher abundance of commensals that 

include short-chain fatty acid-producing Clostridia Cluster IV and XIVa (Dorea longicatena, 

Erysipelatoclostridium ramosum, Gemmiger formicilis, Ruthenibacterium lactatiformans) 

was associated with reduced peripheral inflammatory pathways and contributed to 

expression of most TB signatures. By contrast, a higher abundance of dysbiosis-associated 

oxygen-tolerant Enterobacteriaceae was associated with increased peripheral inflammation, 

immune signaling (Figure 2A), and enrichment of TB-associated gene signatures (Figure 

2B). These observations independently validate recent findings with HRZE therapy (21) 

and suggest that the resolution of the transcriptomic markers of active TB disease during 

MTB treatment is associated with both pathogen sterilization and microbiome alterations. 

Taken together, our analysis suggests that a higher abundance of Clostridia clusters IV and 

XIVa(47) and lower levels of dysbiosis-associated Enterobacteriaceae are associated with 
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faster resolution of TB-associated peripheral inflammation. Importantly, compared to HRZE 

study in where we observe sterilization (as measured by changes in TTP) still occurring by 6 

months of treatment, the MDR treatment data are characterized by a long period of antibiotic 

administration after TB culture negativity (6 months). By including 6-month to treatment 

completion timecourse data in our analysis we not only amplified the signal captured in (21) 

but were able to, more directly, infer microbiome’s contribution to peripheral inflammation.

MDR TB treatment promotes antibiotic resistance in the microbiome

A large body of work has demonstrated that broad-spectrum antibiotics cause an increase 

in antibiotic-resistance genes in the gastrointestinal tract (48–51). We quantified the effect 

of TB treatment on the gut resistome in terms of duration, magnitude, and category of 

resistance. Shotgun metagenomic reads, for both the MDR TB treated cohort and our 

previously published longitudinal observational HRZE cohort (21), were mapped to a 

database of antibiotic resistance genes constructed from the 2021 Comprehensive Antibiotic 

Resistance Database (CARD version 3.13) as in(52). We found significant enrichment of 

ARGs in the microbiome by MDR TB treatment compared to baseline (day 0), an effect 

that encompassed broad antibiotic classes (Figure 3A). Two weeks of MDR TB treatment 

caused a significant enrichment (FDR < 0.05) in the abundance of 97 ARGs across the MDR 

TB-treated cohort (Figure 3B) encoding for resistance to major broad-spectrum antibiotic 

classes, with the highest representation of resistance to beta-lactams, fluoroquinolones, 

aminoglycosides, and macrolides (Figure 3C). Of these ARGs, 86 were still significantly 

enriched at both 1 and 2 months of treatment compared to pre-treatment, whereas 75 

remained enriched at 6 months post-treatment initiation. As observed for bacterial species 

and functional pathways most of the differentially abundant ARGs returned to baseline late 

in treatment. Similarly to the species-level abundance analysis, which did not show any 

significant enrichment in oxygen-tolerant pathobionts in HRZE-treated individuals, ARG 

enrichment in the longitudinal observational HRZE treatment cohort was less pronounced 

compared to the MDR TB treatment cohort, with only three ARGs showing significantly 

different abundance at any treatment point compared to baseline (Figure S4).

Microbiome recovery during MDR TB treatment is characterized by commensal evolution

The accepted model of antibiotic impact on the microbiome is that, at least for short-term 

antibiotic treatment, the microbiome remains in a perturbed (or dysbiotic) state and slowly 

recovers after treatment cessation but may never return to its baseline state (7, 14, 32). 

In this study and our previous study of standard TB therapy, we observed microbiome 

resilience characterized by the return of members of the Clostridiales order that are 

phylogenetically related to those lost early during treatment (21). Although several of 

these repopulating commensals are assigned to the same species as their pre-treatment 

counterparts, we hypothesized that the returning commensal taxa may represent distinct 

strains. We therefore searched for fine genomic differences in metagenomes for each taxon 

in pre-treatment samples compared to different timepoints in the six-month longitudinal 

observational HRZE cohort (21) and the MDR TB treatment cohort described above using 

Metagenomic Intra-species Diversity Analysis (MIDAS) (53–55). After using MIDAS to 

align reads and detect SNPs in the core genome, we investigated the evolution of species for 
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each treatment condition by using random forest classification to identify genetic features 

that distinguish the pretreatment genomes from genomes at different times during treatment.

For the MDR TB cohort, we analyzed the metagenomes of Klebsiella and E. coli that 

dominate during early treatment and found pre- and on-treatment Klebsiella and E. coli 
are distinguishable by SNP analysis compared to baseline (Figure S5). The SNPs that 

distinguished the two Klebsiella populations were in genes encoding stress response 

factors, including multiple membrane transporters such as lsrA, mntB, and others. We 

also detected SNPs in the gene encoding DNA topoisomerase IV, the primary target of 

quinolones, administered in the MDR regiment as levofloxacin (Figure S5A). Dominating 

E. coli strains were defined by differences in allele frequencies for genes encoding for 

trimethylamine−N−oxide reductase 2 which has been implicated with lower sensitivity to 

quinolones and aminoglycosides, as well as mdtB, encoding a component of a multidrug 

efflux pump (Figure S5B)(56, 57). These results indicate that dominating pathobionts have 

resistance mutations to the administered antibiotics that arise in temporal sequence with 

their dominance of the microbiome.

We then performed a similar analysis for resilient commensals that returned after initial 

depletion (such as Clostridia). We found that Blautia A wexlerae and Dorea longicatena 
B displayed significantly higher SNP diversity at treatment completion compared to day 0 

(Figure 4A,B). Principal component analysis of the allele frequencies for both microbes 

identified significant sample clustering based on sampling time (day 0 vs. treatment 

completion) (PERMANOVA < 0.05) (Figure 4C,D), suggesting strain replacement during 

microbiome recovery. For Blautia, the SNPs that distinguished pre-treatment from treatment 

completion included two proteins involved in DNA metabolism (DNA topoisomerase 3 

and DNA helicase IV) and three proteins involved in translation (Figure 4E). In resilient 

Dorea strains, we detected mutations in multiple subunits of ATP synthases (Figure 4F). 

The F1F0 ATP synthase is the direct target of bedaquiline in mycobacteria(58) which binds 

the C ring (encoded by atpE), and mutations in atpE confer resistance to the drug (59). 

Overexpression of the ε subunit, in which we identifed mutations, can confer resistance to 

BDQ in M. smegmatis, although no resistance mutations have previously been identified 

in M. tuberculosis in vitro or in clinical isolates(60). We also detected mutations in 

related pathways of energy metabolism and glycerol kinase. Notably, both bedaquiline and 

clofazimine affect electron transport in mycobacteria and share multiple common resistance 

mutations, including glycerol kinase mutations in vitro (61), which has also been broadly 

linked to drug resistance(62, 63).

The presence of SNPs in ATP synthase and associated energy pathways in Dorea strongly 

suggests that this commensal may have evolved resistance, but bedaquiline and clofazimine 

have no known activity against commensal anaerobes. To determine whether bedaquiline 

and clofazimine have unanticipated activity on these commensals, we tested for activity 

against wildtype D. longicatena and Blautia in vitro (64) in anaerobic conditions. We found 

that bedaquiline inhibited two different Blautia species and D. longicatena beginning at 3 

μg/ml, indicating a broad activity of bedaquiline against commensal anaerobes. Clofazimine 

similarly inhibited Blautia and D. longicatena between 1 and 10 μg/ml (Figure 4G). To 

determine whether clostridial inhibitory concentrations of these drugs were present in the 
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stool of treated patients, we measured concentrations of the administered drugs in stool 

samples taken at six months of treatment. We found a broad range of concentrations, likely 

due to variable time from drug dosing and sample collection, but with a mean concentration 

of bedaquiline of 30.5 μg/ml, near the inhibitory concentration measured in vitro. We also 

found average levofloxacin concentrations of 309.0 μg/ml (Figure 4H), well above the 

minimum inhibitory concentration (MIC) for gram-negative pathobionts (65) in which we 

observed resistance mutations. Clofazimine concentrations were ~100 μg/ml, well above the 

reported MIC for Clostridioides difficile(66) and 10–100 times above our measured MIC for 

Blautia and Dorea. These data indicate that commensal Clostridia are unexpectedly sensitive 

to bedaquiline and clofazimine at concentrations that occur in stool during therapy and that 

putative resistance mutations emerge coincident with commensal resilience.

The data above strongly suggest that the evolution of commensal resistance mutations to the 

administered anti-mycobacterial drugs is a mechanism of commensal resilience. To validate 

these findings, we next examined commensal evolution during standard TB therapy during 

which we previously observed clostridial resilience despite ongoing antibiotic administration 

(21). Random forest classification identified SNPs in Phascolarctobacterium A succinatutens 
and Gemmiger formicilis as two strong features differentiating pre-treatment and treatment 

completion samples. Quantitation of the abundance of these two taxa over the course of 

treatment revealed initial depletion followed by the return of abundance by 2 and 6 months 

(Figure 4I,J). The SNPs that most strongly distinguished initial from repopulating strains 

were in the rpoB encoded B subunit of RNA polymerase, the direct target of rifampicin 

and the site of rifampin resistance mutations (67)(Figure 4K,L). All six-month samples in 

which Phascolarctobacterium A succinatutens was detected had a SNP corresponding to 

position 450 in Mtb RpoB protein, including three with the S450Y substitution known 

to cause rifampin resistance (68–70) (Figure 4M). In Gemminger formicilis, all late 

treatment samples that demonstrated resilience contained the H445N substitution (Figure 

4N), reported to confer rifampin resistance in Mtb, Clostridioides difficile, and S. aureus 
(68, 71, 72).

To determine whether the drug target mutations identified by MIDAS were widespread 

across the microbiome, we employed the inStrain (73) pipeline, which has greater sensitivity 

for single nucleotide variants. Our attention was directed towards the genetic loci that 

exhibited differentiation between the baseline and end-of-treatment samples in both the 

MDR TB treatment and the standard therapy (HRZE) cohorts. This analysis confirmed 

many of the MIDAS-detected variants, including in the ATP synthase epsilon chain and 

glpK, (Figure 5A-B and data file S3). Notably, inStrain also revealed mutations in the direct 

target of bedaquiline, the C subunit of ATP synthase encoded by atpE, in S. salivarius and 

Prevotella (Figure 5C). To determine the relationship of these atpE mutations to known 

BDQ resistance mutations, we performed structural modeling using the AlphaFold predicted 

structures of the C subunit, which revealed that the S. salivarius and Prevotella mutations 

are very close to the D28 and I66 sites in the M. tuberculosis protein which confer 

BDQ resistance when mutated (59) (Figure 5D). inStrain also identified non-synonymous 

mutations in gyrA, the target of fluoroquinolones (Figure 5E and data file S3). Mutations 

at alanine 90 of M. tuberculosis GyrA (74) confer quinolone resistance and structural 

modeling of three GyrA mutations from MDR treated subjects revealed exact overlap 
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with this hotspot (Figure 5F), strongly suggesting that these mutations confer quinolone 

resistance. Applying inStrain to HRZE treated microbiomes revealed the RpoB S450Y and 

H445N substitutions in P. succinatutens and G. formicilis, as initially identified by MIDAS, 

but also discovered numerous other mutations in additional taxa at these positions in RpoB, 

as well as at additional positions in RpoB known to confer rifampin resistance (75) (Figure 

5G and data file S3). These data provide strong evidence that resistance mutations to the 

administered antibiotics evolve widely in commensals and are temporally correlated with 

commensal resilience to ongoing antibiotics. Altogether, this analysis indicates that selection 

of antimicrobial-resistant commensals and pathobionts may impact microbiome dynamics 

during long-term antibiotic therapy and that, ultimately, microbiome resilience may be due 

to out-competition of resistant pathobionts by more fit and drug-resistant commensals.

Functional microbiome resilience to bedaquiline in vivo

To directly demonstrate whether the resilient microbiome was indeed functionally resistant 

to antibiotic disruption, we colonized mice by fecal matter transplant (FMT) with pooled 

stool from three individuals who completed MDR TB treatment (TC) or pooled from three 

healthy community controls (HC)(21). After FMT, mice were treated with one week of 

bedaquiline or vehicle as in (76, 77) (Figure 6A). We first examined the mouse microbiome 

immediately after ampicillin, vancomycin, neomycin, and metronidazole (AVNM) treatment 

and found no difference between mice scheduled to receive TC vs. HC FMT, apart from 

each being enriched in a different Streptococcus phylotype (Figure S6A, B). Although 

we observed poor efficiency of engraftment of Clostridia into mice, F. plautii, the only 

Clostridia to be enriched by early MDR treatment in human samples, displayed the 

same behavior in TC-engrafted, but not HC-engrafted mice, and was the only species 

characterized by a significant increase (FDR < 0.05) in relative abundance (Figure S7 A,B). 

When examining the microbiome post-FMT and before bedaquiline/vehicle treatment, we 

found 58 species (FDR < 0.05) differentially abundant in TC- vs. HC-engrafted mice. 

Most of these differential species belonged to the genera Bacteroides and Parabacteroides, 

with some enriched in the TC samples and others in the HC samples (Figure S6C, D). 

To quantitate the effect of bedaquiline on TC vs. HC microbiome, we used Principle 

Component Analysis on the Bray-Curtis distance computed for every pair of samples 

during bedaquiline and vehicle treatment. Bedaquiline treated animals that received TC 

FMT exhibited closer proximity to their respective pre-treatment FMT animals compared to 

mice receiving HC FMT (Figure 6B). We then modeled the Bray-Curtis distance between 

(1) every vehicle sample to every other vehicle sample, (2) every vehicle sample to every 

bedaquiline sample, and (3) every bedaquiline sample to every other bedaquiline sample 

independently, as a function of treatment time, FMT type (HC/TC), and the interaction 

between the two using linear mixed-effects models. The mouse identifier was included as 

random effect. We chose this modeling approach because the degree of significance of 

the coefficients associated with the interaction terms allows quantitation of the likelihood 

that the type of donor stool affects the microbiome composition during treatment. We 

hypothesized that for the mice receiving vehicle, the distance to other vehicle recipients 

would not be affected by the microbiome used for FMT (TC vs. HC). By contrast, we 

expected that the microbiome of mice treated with bedaquiline would diverge from that 

of mice receiving vehicle if colonized with an HC but not a TC microbiome. Confirming 
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our hypothesis, whereas the distance among samples from mice receiving vehicle slightly 

increased with treatment duration, this change was independent of the stool source of FMT 

(p-value > 0.05) (Figure 6C). By contrast, comparisons between bedaquiline-treated groups 

or between vehicle- and bedaquiline-treated groups revealed an effect of treatment duration 

which strongly reflected the stool source of FMT (healthy (HC) vs. MDR TB treated (TC)) 

(FDR < 0.05, Figure 6D, E). The microbiome of HC recipient mice was strongly affected 

by bedaquiline treatment (regression line with significant positive slope) whereas mice that 

received TC FMT were unaffected (regression line substantially horizontal). These results 

demonstrate that the microbiome from MDR-treated human subjects is functionally resilient 

to antibiotic-induced disruption.

Discussion

Treatment of M. tuberculosis infection represents one of the longest continuous antibiotic 

exposures of humans. Recent work with individuals undergoing 6-month treatment for 

drug-sensitive Mtb demonstrated that renormalization of disease markers during treatment 

could be predicted by a combined model that incorporates pathogen sterilization and the 

extent of treatment-induced microbiome perturbation (21). These findings linked the well-

documented perturbing effect of antibiotics on the human microbiome (6, 78) with their 

direct effects on host immunity (79) in human disease. In this work, we investigated MDR 

TB treatment, which is a significantly longer antibiotic course with both mycobacterial-

specific and broad-spectrum agents. Our findings confirm, in an independent cohort with 

a distinct TB treatment regimen, that the resolution of TB inflammatory disease markers 

is a combined effect of pathogen sterilization and microbiome alteration. Thus microbiome 

composition has a substantial effect in shaping the dynamic tone of systemic inflammation, 

both in disease states and in homeostatic conditions. Our findings are consistent with 

prior findings in both humans and animals that Clostridia participate in the induction 

of anti-inflammatory states (80, 81), whereas blooms of Enterobacteriaceae contribute to 

inflammatory exacerbation (82). In addition to these insights into TB disease resolution, 

analysis of this prolonged antibiotic exposure provided unexpected insights into commensal 

contribution to long-term microbiome dynamics under continuous antibiotic pressure.

Accumulation and spread of multi-drug resistant organisms, particularly MDR E. coli and 

Klebsiella, is a major public health problem in both the healthcare and the community 

settings (83). Recent work has identified strong associations between the carriage of 

ARGs and the risk of developing of neonatal sepsis and adverse birth outcomes (84). 

Similarly, a higher abundance of ARGs and the associated organisms predict the occurrence 

of bloodstream infections in hematopoietic stem-cell transplantation patients (85). We 

find that MDR TB treatment causes a temporary (~six months) bloom of dysbiosis-

associated oxygen-tolerant pathobionts such as Enterobacteriaceae and Bacilli. This bloom 

is characteristic of treatment of other broad-spectrum antibiotics (32), as well as what 

we observed after two weeks of treatment with the antiparasitic drug nitazoxanide in a 

clinical trial for the treatment of TB (21). These data also indicate that MDR TB treatment, 

but not standard TB treatment, enhances the AMR coding capacity of the microbiome 

across all antibiotic classes, including beta-lactams, fluoroquinolones, and macrolides. 

Importantly, although the abundance of these ARGs approaches pre-treatment baseline 
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by treatment cessation, the AMR expansion is persistent for at least the first six months 

of MDR TB treatment. Although there are scattered case reports of resistant infections 

in patients with MDR TB (86, 87), our data suggest that MDR TB treatment might be 

a risk factor for antimicrobial-resistant gram-negative infection. Such associations should 

be sought in future studies, both in individuals and in communities with high rates of 

MDR TB (88). Although we did not find AMR enhancement with HRZE therapy of 

drug-sensitive TB, recent data has validated four-month therapy for drug-sensitive TB that 

includes the quinolone moxifloxacin (89). Our data predicts that the microbiome effects of 

this quinolone-containing regimen might resemble MDR treatment, potentially broadening 

the threat of drug-resistant infections in TB-treated subjects, a possibility that should be 

considered as new TB regimens are tested.

Little is known about the degree by which intra-host microbiome evolution shapes host-

microbiome temporal dynamics (90). Our findings document an unexpected resilience of 

the microbiome to disruption by long-term antibiotics and imply a mechanism by which 

the microbiome maintains homeostasis in the face of perturbation. We hypothesized that 

a possible resilience mechanism was microbiome adaptation to the treatment-induced 

environment, as has been hypothesized in theoretical work (91, 92). After an initial period of 

compositional imbalance with pathobiont domination, the microbiome spontaneously adapts 

with the re-establishment of commensal domination. Our data indicate that the mechanism 

of this resilience is the evolution of antimicrobial resistance mutations in the genomes of 

both pathobionts and commensals. The re-establishment of commensal domination, despite 

resistance mutations in both pathobionts and commensals, suggests that commensal fitness 

is superior if antimicrobial resistance emerges. Another question raised by our findings is 

the duration of commensal compensatory mutations within the microbiome. Although we 

might expect that these mutations would wane with increasing time off antibiotics, we note 

that the putative bedaquiline resistance mutations detected, and the bedaquiline resilience 

we demonstrate in mice, is present more than a year after discontinuation of the drug, 

suggesting that these mutations may have a fitness benefit in the microbiome ecosystem 

established by long-term antibiotics.

Our findings imply that the adverse consequences of antimicrobials on the microbiome, 

including the proliferation of ARGs, could be mitigated by enabling commensals to 

resist the effects of antimicrobials. Although it is difficult to determine causality in an 

observational human study, especially with the temporal changes in antibiotic pressure 

that occur in this study, our data nevertheless imply that commensals have an intrinsic 

capacity to outcompete pathobionts and the ARGs they encode if able to evolve under 

the selective pressures of antibiotics. Microbiome therapeutics, including fecal transplant, 

rational microbial consortia, and engineered probiotics are being pursued as a decolonization 

strategy for AMR-encoding pathobionts (93–95). Our data may suggest that antibiotic-

tolerant commensal strains, possibly through resistance mutations, may paradoxically 

provide long-lasting suppression of AMR in the face of ongoing antibiotics and allow 

ongoing antibiotic therapy without the ordinarily deleterious effects on microbiome 

composition. Of course, one potential adverse consequence of resistant commensals is the 

proliferation of AMR. Still, this risk may depend on the transferability of the resistance 

element and the pathogenic potential of the commensal in question. Our study provides 
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a paradigm by which commensal resilience to antibiotics can be potentially leveraged to 

paradoxically counter AMR.

The nature of this observational human study prevents us from definitively concluding 

that the recovery in microbiome composition (including species, pathways, and ARG 

abundances) is solely attributed to the observed mutations in commensals. To make such a 

determination, it would be necessary to isolate the resistant commensals and conduct further 

testing for resistance and fecal microbiota transplantation. However, we did demonstrate that 

stool samples from individuals undergoing MDR treatment, when transplanted into mice, 

retained resistance to bedaquiline. Additionally, the data from the HRZE cohort revealed the 

emergence of mutations known to confer resistance to rifampin, providing direct evidence 

that these drugs act as a selective pressure influencing the evolutionary dynamics of the 

microbiome.

Materials and Methods

Study design

The targeted enrollment was 60 subjects. 31 subjects signed consent and 24 subjects 

passed enrollment screening. The study was powered for the primary endpoints which were 

detection of DD-MTB in sputum and a 20 gene transcriptomic signature, neither of which is 

included in this report. The microbiome analysis was a prespecified secondary endpoint but 

did not contribute to the power calculation. All data collection time points and sample types 

were prespecified in the protocol and were not altered by intermediate analyses. No data was 

excluded, and any missing data points are due to nonavailability of samples due to sample or 

patient dropout. No outlier definitions were used, and outliers were not excluded from any 

data analysis.

The primary and secondary endpoints were prospectively specified in the clinical protocol 

with the microbiome analyses as a secondary endpoint.

For each clinical time point, only one sample was available (stool, blood, sputum). For 

microbiome DNA and peripheral blood RNA, one sample was prepared and sequenced 

as specified. For sputum TTP determination, duplicate measurements on a single sputum 

sample were performed at the TTP was an average of the two values, except due to technical 

dropout, as specified in the supplementary data.

All volunteers provided written informed consent to participate in this study. All human 

studies were reviewed and approved by the IRBs of both Weill Cornell Medicine 

and Groupe Haitien d’etude du Sarcome de Kaposi et des Infections Opportunistes 

(GHESKIO) Centers (Port-au-Prince, Haiti). Participants provided informed consent prior 

to peripheral blood draw for whole blood collection and stool collection for metagenomic 

sequencing. All methods and procedures were performed in accordance with the relevant 

institutional guidelines and regulations. Mouse studies were approved by the UMass 

Chan Institutional Animal Care and Use Committee under protocol PROTO202100184. 

Specifically, housing conditions for experimental animals were maintained in individual 

cages equipped with appropriate bedding and environmental enrichment. A 12-hour light-

Bhattarai et al. Page 13

Sci Transl Med. Author manuscript; available in PMC 2024 April 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



dark cycle was regulated to simulate natural conditions, and a standardized feeding regimen 

was implemented to ensure consistency across all subjects. Each cage housed a single 

animal to minimize potential confounding variables.

MDR TB treatment longitudinal cohort

The purpose of this study was to determine 1) the effect of antibiotics used for the treatment 

of MDR TB on the composition of stool microbiome and 2) use longitudinal data of 

MDR treatment, including microbiome composition and peripheral blood transcriptomics 

to model the resolution of TB disease. This study was a single arm observational, non-

randomized and non-blinded study of subjects with MDR TB undergoing treatment with a 

standard regimen (defined above). Donors were enrolled through the Clinical Trials Unit at 

GHESKIO. Pulmonary TB was diagnosed by clinical symptoms, chest radiograph consistent 

with pulmonary TB, and positive molecular testing. No other formal enrollment criteria 

were required, such as prior antibiotic treatment. All participant samples were deidentified 

on-site using a barcode system before they were shipped to Weill Cornell Medicine (WCM)/

Memorial Sloan Kettering Cancer Center (MSKCC) for analysis. All clinical metadata was 

collected on-site and managed through the REDCap data management system (101).

Statistical analysis

Linear mixed-effects models were run to identify significant associations between 

sex, age, and treatment duration on microbiome diversity on time to positivity and 

microbiome diversity. Significance was determined at FDR < 0.05. Repeated measurement 

PERMANOVA was run to quantify variance and test for compositional differences 

explained by experimental and subject features in every principal coordinate analysis 

in the microbiome data. Linear mixed-effects models were run to identify microbial 

species, pathways, ARGs and host genes associated with sex, age, and treatment duration. 

Significance was determined at FDR < 0.05. For the in vitro antibiotic susceptibility 

experiments, ANOVA followed by Tukey-post hoc tests were used to determine significant 

differences in OD due to different treatment concentrations. Linear mixed-effects modeling 

was used to assess FMT-dependent effects on how the microbiome evolves in response 

to bedaquiline/vehicle treatment in the in vivo microbiome reconstitution experiments. 

Significance was determined at P < 0.05. Mixed-effects Random Forest (MERF) regression 

modeling was used to assess the relative contribution of the gastrointestinal microbiome 

and Mtb dynamics towards peripheral gene expression. Significance of the model-inferred 

associations we used permutated importance analysis at an FDR < 0.1. Further details are 

available in the supplementary materials.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. MDR TB treatment induces Mtb lung sterilization and causes a temporary perturbation 
in the microbiome, which recovers by treatment cessation.
A. Schematic of the MDR TB treatment observational cohort. B. Time to positivity (TTP) 

was measured at baseline (day 0), 2 weeks, 1 month, 2 months, 6 months during treatment, 

and at treatment cessation (TC) (20–24 months). C to D. Principal Coordinate Analysis 

on center-log-ratio transformed data for species abundances (C) and functional pathway 

abundance (D) from metagenomic sequencing. E. Microbiome diversity was computed 

for each study volunteer at the different time points and quantified using the inverse 

Simpson index(97). Linear regression modeling (inset) was used to predict fold-change 

in diversity occurring between 6 months and treatment completion as a function of 

time from antibiotic cessation. F. Taxonomic abundance of the microbiome during MDR 

treatment. The annotations to the right of the bacterial names indicate whether a species was 

significantly perturbed (FDR < 0.05) by treatment at any time point compared to baseline 

(Day 0) with red indicating enrichment and blue indicating depression in abundance. Grey 
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indicates not significant. Heatmap columns are split by time point membership (including 

baseline), and rows by phylogenetic order.
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Fig. 2. Resolution of TB disease state as a function of microbiome perturbation and pathogen 
killing.
Mixed-effects Random Forest Regression Modeling was run to predict the normalized 

enrichment score (NES) of A. MSigDB hallmark pathways or B. TB-associated gene 

signatures. Permutated importance analysis was used to identify features (both microbiome 

species and TTP) significantly associated (FDR < 0.1) with each modeled peripheral 

transcriptional signature. We then used univariate linear mixed-effects models to determine 

directionality of the associations; blue indicates a negative relationship, and red a positive 

one. The black dot indicates the strongest predictor for that specific hallmark pathway or 

TB-associated gene signature.
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Fig. 3. MDR TB therapy enriches antimicrobial resistance across drug classes.
A database of antibiotic resistance gene (ARGs) marker sequences from the 2021 CARD 

database was built using ShortBRED. Shotgun metagenomic data were mapped against this 

marker database and profiled for the abundance of ARGs. Linear mixed-effects modeling 

was run to determine whether ARGs were significantly enriched or depressed at treatment 

points compared to baseline (day 0). A. Heatmap of treatment-affected ARGs. Row 

annotation represents the value of the regression coefficient. Red = significantly (FDR < 

0.05) enriched, blue = significantly (FDR < 0.05) repressed, and grey = not significantly 

different (FDR > 0.05). The heatmap represents ARGs abundance in each sample quantified 

as logarithm of the Reads Per Kilobase per Million (Log(RPKM+1)) mapped reads for 

each ARG. B. Quantification of the total number of ARGs enriched or repressed compared 

to baseline. C. Pie charts representing the frequency of resistance class for the ARGs 

significantly affected by MDR TB treatment at different time points.

Bhattarai et al. Page 26

Sci Transl Med. Author manuscript; available in PMC 2024 April 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 4. Microbiome resilience corresponds to the emergence of antimicrobial resistance in 
commensals.
(A-D) Allelic composition of B. wexlerae A and D. longicatena B core genomes (with 

respect to the reference) in treatment cessation and baseline samples. A. and B. SNPs 

diversity distribution (SNPs/kilobase compared to reference for B. wexlerae A and D. 
longicatena B. C. and D. Ordination analysis of core genome allele frequencies. E. and 

F. Random Forest Classification Modeling. For every genetic feature, the distribution of 

the minor allele DNA nucleotide for each SNP is shown. The numeric value next to 

gene name is the SNP position in the reference genome (Site ID). Asterisk indicates 

genes that are known to be related to the mechanism of action or resistance to drugs 

contained in the MDR TB treatment cocktail. The MIDAS-reported ATP synthase indicates 

the eubacterial F-type ATP synthase, whereas the MIDAS-reported V-type ATP synthase 

refers to the eubacterial V/A ATPase. G. Bedaquiline and clofazimine are active against 

anaerobic commensals in vitro. The axis shows optical density of liquid cultures at different 

drug concentrations on the X axis. H. Quantitation of bedaquiline, desmethyl bedaquiline 

(D.BDQ), clofazimine, levofloxacin, and linezolid from stool samples at 6 months of 

treatment with drug concentration given on a log scale in ug/ml. I to J. The abundance of (I) 

P. succinatutens and (J) G. formicilis during HRZE therapy showing depletion and recovery 

as median +/− mean absolute deviation. K and L. Random Forest Classification on MIDAS 

data identifies SNPs in the Phascolarctobacterium (K) or Gemminger (L) RNA polymerase 
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beta subunit, the direct molecular target of rifampin (R), as the strongest predictor of 

treatment time. M. and N. Amino acid sequence alignments for baseline and 6-month HRZE 

samples highlighting mutations S450Y and H445N detected in treatment completion (post) 

vs. pretreatment samples. The Phascolarctobacterium (M) or Gemminger (N) reference 

RpoB sequences are displayed above the alignment. The M. tuberculosis RpoB sequence is 

shown below. Mutation positions are marked with **.
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Fig. 5: Evolution of widespread commensal resistance under antibiotic pressure.
Mutations detected by inStrain in the microbiomes of MDR-treated subjects, including in 

ATP synthase subunit epsilon (A), glpK, (B), atpE (C), and gyrA (E). For each panel, the 

amino acid positions in the M. tuberculosis protein were determined by inStrain where 

red shading indicates a position of resistance mutations in M. tuberculosis according to 

(75). D. M. tuberculosis C subunit (atpE) was modeled by AlphaFold from Uniprot ID 

P9WPS1 in green. Positions of mutations in atpE associated with bedaquiline resistance 

were taken from(98) and are shown with amino acid side chains in light green (wild type 

AA). The S. salivarius (blue, Uniprot ID A0A413AC39) and Prevotella (red, Uniprot ID 

A0A3C1E6Z4) atpE encoded proteins were predicted using AlphaFold and the positions of 

the inStrain detected mutations are shown in lighter color than the backbone helix with side 

chains of the wild type AA shown. The three structures were aligned using the Matchmaker 

function of ChimeraX. F. Structural modeling of gyrA mutations uses M. tuberculosis 
GyrA (green, PDB 3IFZ), Ruminococcus E GyrA (Blue, AlphaFold prediction from Uniprot 

ID A0A7J5TQ36), Bifidobacterium bifidum (red, AlphaFold prediction from Uniprot ID 

A0A7J5TQ36), and Lachnospira eligens (yellow, AlphaFold prediction from Uniprot ID 

A0A415M9D7). Only the alignment from AA H85-P108 of Mtb GyrA is shown with 

the positions of Mtb GyrA A90 and detected mutation positions shown with side chains. 

G. Widespread RpoB mutations in the microbiomes of subjects treated with standard TB 

therapy (HRZE).
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Fig. 6. MDR TB treatment completion microbiome is desensitized to bedaquiline rechallenge.
A. We performed adoptive microbiome transfer experiments wherein AVNM-pre-treated 

mice were orally gavaged with a fecal matter transplant (FMT) from MDR TB treatment 

completion (TC) individuals or healthy community contact controls (HC), before receiving 

7 consecutive days of bedaquiline or vehicle via oral gavage. Biologic replicate numbers are 

shown. B. Principal Component Analysis performed on the Bray-Curtis distance among 

samples. Samples are colored based on FMT, with shapes corresponding to different 

treatment days. C-E. We tested the hypothesis that the distance in microbiome composition 

between AVNM-treated mice receiving a fecal matter transplant (FMT) from MDR TB 

treatment completion (TC) individuals and challenged with 7 days of bedaquiline or vehicle 

is smaller than the distance in mice that received FMT from healthy community controls 

and administered with bedaquiline or vehicle. Linear-mixed effects modeling to predict the 

Bray-Curtis distance as a function of time since bedaquiline initiation, FMT type (HC/TC), 
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antibiotic type (bedaquiline/vehicle) alone as well as their interaction was fit to the distances 

between C. every vehicle sample to every other vehicle sample, D. every bedaquiline sample 

to every other vehicle bedaquiline samples, and E. every vehicle sample to every bedaquiline 

sample.
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